We present a novel approach to correct optical aberrations in ultrathin gradient-index rod lens-based endoscopes using microfabricated aspherical lenses. Corrected microendoscopes have up to 9 folds larger field-of-view compared to uncorrected probes. Using extended field-of-view (eFOV) microendoscopes, we report two-photon imaging of GCaMP6 signals in the mouse hippocampus in vivo with unprecedented combination of high spatiotemporal resolution and minimal invasiveness.
Introduction
Two-photon fluorescence imaging allows high resolution anatomical and functional visualization of neuronal circuits several hundred of micrometers deep into the intact mammalian brain (1) . Light scattering within the brain, however, strongly affects the propagation of excitation and emission photons, making effective imaging increasingly difficult with tissue depth (2, 3) . Various strategies have been developed to improve imaging depth in multi-photon fluorescence microscopy (4) (5) (6) (7) (8) (9) (10) (11) , allowing the visualization of regions 1-1.6 mm below the brain surface. However, deeper imaging requires the use of implantable microendoscopic probes, which allow optical investigation of neural circuits in brain regions that would otherwise remain inaccessible (12) (13) (14) (15) (16) . Ideally, microendoscopic devices should have small radial dimensions and, at the same time, maintain sub-cellular resolution across a large field-of-view (FOV). This would allow high-resolution population imaging, while minimizing tissue damage. Current microendoscopes for deep imaging are frequently based on gradient-index (GRIN) rod lenses which typically have diameter between 0.35-1.5 mm and are characterized by intrinsic optical aberrations (14) . These aberrations are detrimental in two-photon imaging because they decrease the spatial resolution and lower the excitation efficiency, leading to degraded image quality and restricted FOV (17, 18) . This is especially relevant when ultrathin microendoscopes (diameter ≤ 500 µm) are used, because the size of the FOV decreases with the diameter of the optical probe. Optical aberrations in GRIN microendoscopes can be corrected with adaptive optics which, however, requires significant modification of the optical path (17, 19, 20) and may limit the temporal resolution of functional imaging over large FOVs (17) . Alternatively, the combination of GRIN lenses of specific design with plano-convex lenses within the same microendoscopic probe has been used to increase the Numerical Aperture (NA) and to correct for aberrations on the optical axis (14). However, technical limitations in manufacturing high-precision optics with small lateral dimensions have so far prevented improvements in the performances of GRIN microendoscopes with lateral diameter < 1 mm using corrective optical microelements (21) .
Here we report the development and application of a new approach to correct aberrations and extend the FOV in ultrathin GRIN-based endoscopes using microfabricated aspheric lenses. This method has no limitations on the size of the corrective lenses for current GRIN-based microendoscopes and requires no modification of the microscope optical path. Corrective lenses were optically designed based on ray trace simulations and microfabricated using two-photon polymerization (TPP) (22) . We developed four types of extended field-of-view (eFOV) ultrathin microendoscopes, differing in length and diameter, which enable optimized optical performances at various depths within biological tissue. Finally, we validated eFOV-microendoscopes performing functional imaging on hundreds of hippocampal cells expressing the genetically-encoded calcium indicator GCaMP6 (23) in the intact mouse brain in vivo with an unprecedented combination of high resolution, FOV extension and minimal invasiveness.
Materials and Methods

Optical design and simulation
Simulations were run with OpticStudio15 (Zemax, Kirkland, WA) to define the profile of the aspheric corrective lens to be integrated in the eFOV-microendoscopes, with the aim to achieve: i) a full-width half maximum (FWHM) lateral resolution < 1 µm at the center of the FOV; ii) a FWHM axial resolution below < 10 µm; iii) a working distance between 150 µm and 220 µm into living brain tissue. The wavelength used for simulations was λ = 920 nm since the devices were developed for two-photon functional microscopy applications using GCaMP6s (23) .
The surface profile of corrective aspheric lenses has been described as (24) :
Since GRIN lenses have intrinsic spherical aberration, the optimization for the shape of the corrective lenses started with the profile of a Schmidt corrector plate (25) as initial guess; the parameters c, k, α n (with n = 1-8) in equation (1) were then automatically varied in order to maximize the Strehl ratio (26) over the largest possible area of the FOV (Supplementary table 1) . A fine manual tuning of the parameters was performed for final optimization.
Corrective lens manufacturing and endoscope assembly
The optimized aspheric lens structure obtained with simulations was exported into a 3D mesh processing software and converted into a point cloud dataset fitting the lens surface (with ~ 300 nm distance among first neighborhood points). Two-photon polymerization with a custom set-up (22) including a dry semi-apochromatic microscope objective ( precision of 20 nm. Output laser power was ~ 15 mW at the sample. Once the surface was polymerized, the lens was dipped for ~ 2 minutes in methanol followed by ~ 1 minute immersion in isopropyl alcohol, and finally exposed to UV light (λ = 365 nm; 3 Joule / cm 2 ) to fully polymerize the bulk of the structure. In the second stage of the project, a commercial TPP fabrication system (Photonic Professional GT, Nanoscribe GmbH, DE) was also used for corrective lens fabrication.
For fast generation of multiple lens replicas, a molding (27) hardened by UV exposure. The coverglass with the lens attached was detached from the mold and glued onto a metal ring. One end of the appropriate GRIN rod (NEM-050-25-10-860-S; NEM-050-43-00-810-S-1.0p; GT-IFRL-035-cus-50-NC; NEM-035-16air-10-810-S-1.0p , all purchased from Grintech GmbH, Jena, DE) was attached perpendicularly to the coverslip surface using NOA63.
Alignment of the corrective lens and the GRIN rod was performed under visual guidance using an opto-mechanical stage ( Supplementary Fig. 1a ). An additional and removable coverglass (No. 1.5) was glued on the top of every support ring ( Supplementary Fig. 1d ) to keep the polymeric corrective lens clean and to protect it from mechanical damage. The GRIN rods were finally coated with a thin (< 30 nm) layer of polytetrafluoroethene using reactive ion etching.
Optical characterization
Optical characterization of eFOV-microendoscopes was carried out with a two-photon laser- To evaluate the radial profile of the fluorescence intensity across the FOV and the extent of the aberration-corrected FOV, we used thin (thickness: 300 nm) fluorescent slices (28) and acquired zseries of images (512 pixels x 512 pixels) with 1 µm axial step. Image analysis was carried out following previous reports (28) using the ImageJ/Fiji software (29) and custom Python code. In x,z projections, we first fitted the fluorescence intensity profile with a circular section. We then averaged the fitting circular section across x,z projections obtained from different z-stacks for the same GRIN rod. We finally measured the mean curvature of the FOV of that specific GRIN rod from the average circular section. The axial projection of each z-stack was remapped onto the fitting circular section to optimally estimate radial distances.
For fluorescence intensity measurements, in each z-stack we measured the fluorescence intensity along N randomly chosen radial directions (N = 400). Fluorescence intensity along a given direction was initially smoothed with a ~7 µm flat moving window, averaged across N and normalized to the maximal intensity value. In these experiments, the diameter of the FOV was measured based on a threshold set at 80%. Intensity variations < 5% below the threshold were not considered if restricted to < 100 µm.
For measurements of the axial sectioning capability, at every x,y position the fluorescence intensity distribution along the direction perpendicular to endoscope FOV was fitted with a Gaussian curve.
The 
Statistics
Values are expressed as mean ± standard deviation, unless otherwise stated. A Kolmogorov-Smirnov normality test was run on each experimental sample. When comparing two populations of data, Student's t-test was used to calculate statistical significance in case of Gaussian distribution. the optical axis showed that the Strehl ratio of the system was > 80% (diffraction-limited condition according to the Maréchal criterion (37)) at a distance up to ~ 165 µm from the optical axis with the corrective lens, while up to ~ 70 µm for the same optical system without the corrective lens ( Fig.   2a ), leading to an increase in the area of the diffraction-limited FOV of ~ 5 times. The coefficients used in equation (1) for all other types of eFOV-microendoscope are reported in Supplementary table 1. Fig. 2b-d reports the Strehl ratio for corrected and uncorrected type II-IV eFOVmicroendoscopes. The enlargement of the area of the FOV was ~ 2-9 times for these other types of eFOV-microendoscopes, compared to microendoscopes without the corrective lens.
Results and Discussion
To experimentally validate the optical performances of the eFOV-microendoscopes, we first coupled them with a standard two-photon laser scanning system using a customized mount ( Fig. 3ab , Supplementary Fig. 1 ). We measured the spatial resolution by imaging subresolution fluorescence beads (diameter: 200 nm) at 920 nm. We found that eFOV-microendoscopes had significantly improved axial resolution compared to uncorrected probes. For type I eFOVmicroendoscopes, for example, the minimal value of FWHM z was 6.7 ± 0.2 µm for corrected endoscopes and 8.5 ± 0.4 µm for uncorrected probes (Fig. 3d -e, table 1; Student's t-test, p = 2.6E-10; N = 10). The radial resolution was also slightly increased for type I eFOV-microendoscopes (Table 1) . Experimental measures of radial and axial resolution for type II-IV eFOVmicroendoscopes are reported in Table 1 . Importantly the axial resolution was significantly increased in all corrected eFOV-microendoscopes compared to uncorrected probes.
We then evaluated the profile of fluorescence intensity across the FOV for both uncorrected and corrected probes using a subresolution thin fluorescent layer (thickness: 300 nm) as detailed in (28).
Supplementary Figure 2 shows the spatial intensity maps ( Supplementary Fig. 2a , c, e, g) and the average fluorescence intensity along the radial direction ( Supplementary Fig. 2b, d, We next characterized the effect of aberration correction on the axial resolution across the FOV.
From the acquired z-stacks of a subresolution thin fluorescent layer described above, we measured the FWHM z across the FOV. As expected by ray trace simulations ( Fig. 1) , eFOV-microendoscopes displayed a more pronounced curvature of the focal plane ( Fig. 3f, Supplementary Fig. 3 ) compared to uncorrected probes. Moreover, the x,z projection of the z-stacks showed higher axial resolution in eFOV-microendoscopes in an area that was ~ 1.2 -9.3 folds wider (depending on microendoscope type) compared to uncorrected probes ( Fig. 3f -g, Supplementary Fig. 3, table 1 ), further demonstrating extended FOV in corrected microendoscopes. Noteworthy, we found good agreement between the experimental measurements ( Fig. 3, table 1 ) and the prediction of the optical simulations ( Fig. 2 ). Since aberrations generally increase with the length of the GRIN rod used in the microendoscope (38) , aberration correction resulted in larger improvements in optical performances in eFOV-microendoscopes with longer rather than shorter GRIN rods ( Supplementary   Fig. 3, table 1 ). The ability of eFOV-microendoscopes to image effectively larger FOV compared to uncorrected probes was further confirmed in biological tissue by imaging neurons expressing the green fluorescence protein (GFP) in fixed brain slices ( Fig. 3h, Supplementary Fig. 4 ).
To validate eFOV-microendoscopes performances for functional measurements in vivo, we expressed the genetically-encoded calcium indicator GCaMP6s in the mouse hippocampal region ( Supplementary Fig. 5a-a 2 ) and implanted eFOV-microendoscopes above the injected area ( Supplementary Fig. 6a, c) . It is worth noting that an advantage of the customized mount that we developed to hold eFOV-microendoscopes ( Fig. 3a-b) is that it allows their full-length insertion within the tissue. As compared to the most common microendoscopes configurations described in the literature (14, 16, 17, 19, 39) , our solution thus enables the use of shorter probes, which are less sensitive to aberrations.
We applied eFOV-microendoscopes to perform in vivo population imaging in injected mice in the raster scanning configuration at 0.5-0.7 Hz (Fig. 4, Supplementary Figs. 7-8 ). Spontaneous activities in the CA1 hippocampal region were imaged with type I eFOV-microendoscopes ( Fig. 4,   Supplementary Fig. 7 ) and type III eFOV-microendoscopes ( Supplementary Fig. 8 ). Using a cellsorting algorithm based on PCA/ICA analysis (34) , tens to hundreds of active ROIs were identified and could be imaged on a single FOV using eFOV-microendoscopes, confirming efficient population imaging ( Fig. 4, Supplementary Figs. 7-8 Finally, because the built-in aberration correction method adopted in eFOV-microendoscopes does not interfere with the temporal resolution of the optical system, we coupled eFOV-microendoscopes with the scanless imaging technique (31, 40) to improve temporal resolution in endoscopic functional imaging. A SLM ( Supplementary Fig. 9a ) (31) (32) (33) 40 ) was used to generate an array of points in the focal plane, each stimulating a neuron expressing GCaMP6s with a near diffraction limited spot. Simultaneously excited fluorescence at multiple locations was collected through a camera, decoupling the maximal acquisition frequency from the number of imaged points. Using this experimental configuration, we performed simultaneous imaging from multiple hippocampal CA1 pyramidal cells in vivo at two orders of magnitude higher speed (125 Hz, Supplementary Fig.   9 ) compared to scanning imaging (0.5-0.7 Hz, Fig. 4 and Supplementary Figs. 7-8 ).
Major efforts in the development of technology for imaging neuronal activity in vivo are directed to access deep brain regions with minimal tissue damage while maximizing the area over which imaging can be performed with single cell resolution and high sampling speed. GRIN lenses, alone or in combination with fiber-bundles, have been used to perform one-and two-photon imaging in deep brain areas, such as the hippocampus (39, 41) , the striatum (16) and the hypothalamus (16, 42, 43) . GRIN microendoscopes have also been used to perform simultaneous functional imaging of two different brain regions (44) , allowing concurrent monitoring of neuronal dynamics in areas otherwise not accessible with single FOV systems.
Even though the combination of GRIN lenses with two-photon imaging benefits of improved optical sectioning, most GRIN endoscopes have been operating with lower resolution even in twophoton excitation modality due to optical aberrations lying on and off the optical axis. These aberrations derive from the intrinsic nonaplanatic properties of GRIN rods (45) . To correct off-axis aberrations while maintaining high NA, at least a second planoconvex lens was needed (21) . Fabrication of high performances multi-element optical systems for on-axis and off-axis aberration correction, however, imposes to respect strict tolerances in the assembly and needs the use of external metal cannulas to hold the various optical elements aligned and provide mechanical stability to the optical system. This, so far, limited the applicability of aberration correction with built-in optical elements to GRIN lenses of diameter ≥ 1 mm and overall endoscopic probe diameter (GRIN + cannula) of ≥ 1.4 mm (14, 21). Since the insertion of the probe irreversibly damages the tissue above the target area, reducing the size of the probe and consequently its invasiveness is of outmost importance when imaging deep brain regions. However, due to their small radial dimensions, improving optical performances in ultrathin (diameter ≤ 0.5 mm) microendoscopes with built-in optical elements is a major challenge. In this study, we devised a new approach to solve this problem and used TPP (22, 46) to microfabricate polymeric aspheric lenses that effectively corrected aberrations in ultrathin GRIN-based endoscopes. Corrective lenses were first fabricated on glass coverslips which were aligned and assembled with the GRIN rod to form an aberration-corrected microendoscope. Importantly, this optical design resulted in improved axial resolution and extended FOV without increasing the lateral size of the probe and thus minimizing tissue damage in biological applications.
Aberration correction in GRIN microedoscopes can be achieved using adaptive optics (AO) (17, 19, 20, 45). For example, using pupil-segmentation methods for AO diffraction-limited performance across an enlarged FOV was obtained in GRIN-based endoscopes with diameter of 1.4 mm (17, 19) and, in principle, this approach could be extended to probes with smaller diameter. AO through pupil segmentation requires significant modification of the optical setup and the use of an active wavefront modulation system (e.g. deformable mirror device or liquid crystal spatial light modulator) which needs the development of ad-hoc software control. Moreover, AO through pupil segmentation may limit the temporal resolution of the system, since multiple AO corrective patterns must be applied to obtain an aberration-corrected extended FOV (17). Compared to AO approaches, the technique developed in this study does not necessitate modification of the optical path nor the development of heavy computational approaches. Moreover, it is easily coupled to standard two-photon set ups, and does not introduce limitations in the temporal resolution of the imaging system, allowing fast endoscopic microscopy when coupled with the scanless imaging modality ( Supplementary Fig. 9 ).
Despite these advantages, the approach presented in this study is limited to the correction of aberration introduced by the GRIN lens and was not developed to correct aberrations introduced by other elements along the optical path or by the sample. Moreover, in contrast to AO our approach does not correct for aberrations that may vary over time, such as those due to intrinsic properties of the biological sample that may dynamically change over the course of the experiment. AO approaches could, for example, be applied on eFOV-microendoscopes to address this limitation.
Future development of the method described in this study may also include the realization of corrective elements composed of compound microfabricated lenses (22, 46) that could extend the degrees of freedom in the correction design process and lead to improved performances of miniaturized optical probes.
Conclusions
We developed a new methodology to correct for aberrations and extend the FOV in ultrathin microendoscopes using microfabricated aspheric lenses. Corrective lenses are specifically designed for each type of GRIN rod used in the endoscope and are fabricated by TPP. This method is flexible and can be applied to the GRIN rods of different diameters and lengths that are required to access the numerous deep regions of the mammalian brain. Corrected endoscopes showed improved axial resolution and up to 9 folds extended FOV, allowing efficient in vivo population imaging with minimally invasiveness. Moreover, eFOV-microendoscopes can be efficiently coupled to fast imaging approaches to increase the temporal resolution of aberration-corrected endoscopic imaging by almost two orders of magnitude.
Although eFOV-microendoscopes have been primarily applied for functional imaging in this study, we expect that their use can be extended to other applications. For example, eFOVmicroendoscopes could be combined with optical systems for two-photon patterned optogenetic manipulations (47) (48) (49) and for simultaneous functional imaging and optogenetic perturbation (50) (51) (52) . Moreover, besides its applications in the neuroscience field, eFOV-microendoscopes can be used in a large variety of optical applications requiring minimally invasive probes, ranging from cellular imaging (35, 53) to tissue diagnostic (54, 55) . Importantly, applications of ultrathin eFOVmicroendoscopes to other fields of research will be greatly facilitated by the built-in aberration correction method that we developed. This provides a unique degree of flexibility that allows using ready-to-use devices in a large variety existing optical systems with no major modification of their optical path. 
